The source strength of atmospheric trace gases from natural ecosystems must be quantified in order to assess the effect of such inputs on the background tropospheric chemistry. A static chamber technique and a gas exchange technique were used to determine the emissions of nitrous oxide from five sites within the Hudson Bay Lowland, as part of the Northern Wetland Study. Two mechanisms, one diffusive and the other episodic, were found likely to be responsible for the emissions of nitrous oxide. The annual diffusive flux ranged from -3.8 mg(N20)/m 2 in a treed bog to 7.9 mg(N20)/m 2 in an open fen. The addition of the episodic flux, increased this range to -2.1 mg(N20)/m 2 and 18.5 mg(N20)/m 2 respectively. These episodic emissions occurred in from 2.5 % to 16.7 % of the samples during the late summer peak emission period. Since the gas exchange rate could not detect the episodic emissions, it was found to be a poor method for water emission rate determination within the wetland. LANDSAT-Thermatic Mapper (TM) imagery was used to scale the emissions, from the chamber level to an integrated average over the entire Hudson Bay Lowland. The total emission rate of N20 from the Hudson Bay Lowland, was determined to be 1.2 Gg(N20)/year, of which 80% was attributed to episodic emissions.
lowering the concentration gradient within the air in the soil. However, these experiments were on soils with high fluxes, so that the concentration increase within the chamber was of the order of 100 times the ambient concentration. This effect would not be important for N20 dissolved in water, since the water would be free to move between the chamber and the outside. Jury et al. [1982] also evaluated the method and concluded that at high emission rates the chamber method would underestimate the emissions from soils. They also found that the lower the air content of the soil (higher water saturation) the less effect the chamber had on the measured emission rates. Therefore in a wetland environment, where the soil is highly water saturated and the emission fluxes are relatively low, the chamber would be expected to have little effect on the emission rates for N20, provided the exposure time was such that the gas phase N20 increase was low.
In our application of the static chamber technique, 20-L chambers, made from plastic water bottles with the bottom removed, were placed into an approximately 5-cm deep cuts in the bog surface. Cutting the surface was found to cause less disturbance than pushing the chambers into place. Each chamber covered an area of 550 cm 2, and the height of the chamber was measured at placement to determine the exact volume. For use over water, chambers were modified to float on the surface and extend approximately 2 cm below the surface. The tops of the chambers were closed with a rubber septum, which permitted the extraction of a sample through a syringe needle into a 22-ml Vacutainer (Becton-Dickinson), which had previously been evacuated. The chambers were shaded by aluminum foil to reduce heating of the air and the soil surface within the chamber. The ambient air temperature and a soil temperature profile or water temperature were measured for each vegetative site simultaneously with the emission measurements. Previous static chamber measurements have shown that at low concentrations the increase in the concentration with time is linear [Shepherd et al., 1991] and theref :re to minimize the number of analyses, only two air samples were taken from the chamber for each flux determination. Sample collection times ranged from 2 to 24 hours, with a median time of 3.5 hours, taken at various times throughout the day but generally restricted to morning and afternoon runs. The emissions of N20 from water were also determined by a gas exchange technique.
The difference between the concentration of N20 in water and that expected from the ambient air concentration and Henry's law drives the exchange of N20. The magnitude of the flux is then determined from this concentration gradient and the gas exchange rate which is obtained from a water-air boundary layer model.
The concentration of N20 in water was determined on a 15-ml sample of water from a pond collected in the same 22-ml Vacutainers (Becton-Dickinson) as used for the static chamber method. Temperature and wind speed (as half-hour averages at 1-m height) were measured for each sample. Any biological activity in the water was stopped by the addition of 1 ml of 1 M HC1 to the container. The samples were then returned to the lab for analysis. When in the lab, the headspace was filled to atmospheric pressure with ultra high pure (UPH) helium (99.999%). The sample was then vigorously shaken for 5 min. and allowed to sit for a half hour before the headspace gas was analyzed for N20.
All gas phase N20 analyses, from the chambers or the headspace of water samples, were performed in the laboratory using a gas chromatograph with an electron capture detector.
Samples were analyzed by injecting a 150-ttl sample, using a dynatech precision gas-sampling syringe with a low-volume side port needle, into an HP 5890 series II gas chromatograph. Separation occurred on a 5' x 1/8" stainless steel column, packed with 45/60 mesh 5A molecular sieve (Supelco), maintained at 250øC. The carrier gas was a mixture of 5 % methane in Argon, at a flow rate of 20 ml/min. The sample was detected by a Nickel 63 electron capture detector at 350øC. The nitrous oxide peak eluted at 2 min, which was well separated from the oxygen and carbon dioxide peaks, which eluted at about 0.5 min. Baseline to baseline integration of the peaks was performed by the HP 3365 Chemstation software on a Hewlett Packard computer.
The mixing ratio of nitrous oxide in a sample was determined by comparison of the peak areas of the sample with that of a 516 + 10 parts per billion by volume (ppbv) N20 in N 2 standard (Scott Specialty gases). One standard was run for every five samples. The majority of the samples were analyzed once, but a number of samples were involved in repeat analysis. The precision was determined to be better than 2% in all cases and generally better than 1%. Combined with the error in the standard, this gave an accuracy of 3 % for each analysis.
One problem arose from a residual amount of N20 found in all of the Vacutainers after evacuation. Fortunately, 70 containers remained after the experiment and the contamination in a filled container was found to be constant at 67 +__ 7 ppbv. Since the flux was determined from the difference between two measurements, the absolute value of this contamination did not affect the calculated flux. However, the variation in the where P is the atmospheric pressure, V the volume of the chamber, R the universal gas constant, T is the air temperature within the chamber, MN, o is the molecular weight of N20 and A is the area of the soil surface covered by the chamber. For the gas exchange technique, the concentration of N20 in the water was calculated from the headspace concentration using Henry's law. This value was corrected for the N20 that was in the helium above the water sample, and for the 1 ml of 1M HC1 that was added. The flux of N20 from the water, was calculated using the gas exchange model of Liss and Merlivat [1986] . The flux is obtained from the piston velocity (kt•w) and the concentration difference between the air and the water:
where H•v,o is the Henry's Law coefficient for N20, C a is the concentration of N20 in ambient air (the seasonal average of 303 +9 ppbv), and Cw is the water concentration of N20. The Henry's law coefficient was calculated from the mole fractional solubility of N20 in water, given below:
x*'øøa'ø (3) measurements and 163 gas exchange measurements, covering the 32 vegetative classifications within the five sites. Table la summarizes the site locations, ecosystem classes, vegetative classes, the number of emission measurements made, as well as the number of chambers placed on each. The locations and the number of measurements made using the gas exchange are included in Table lb. where On2o given in the review paper by Wilhelm et al. [1977] . The equations for the piston velocity were dependent upon the wind speed, as shown by the experiments by Crusius and Wanninkhof [1991 ] on the gas exchange-wind speed relationship at low wind speeds with SF6. These studies found that the gas exchange rate increased linearly with wind speed but contained two break points. The first of these break points occurs at wind speeds of 3 m/s and is due to the surface changing from smooth to having capillary waves. The second break point occurs with the introduction of breaking waves; however, the wind speeds required to generate these waves were not attained during this experiment. Therefore two equations were required and are as observed directly or collected, therefore we cannot conclusively state that these high episodic fluxes were due to ebullition. The seasonal, diurnal, and temperature dependencies on emission fluxes were examined using the diffusive component only, while the episodic emission rates will be discussed later in this section.
The diffusive flux variability within a particular vegetation type varies with the vegetative type, possibly indicating the degree of nonhomogeneity of the site, despite outward appearances. Some of this variability can be attributed to physical characteristics. For example, the fluxes from hummocks showed a much higher variability than those from the hollows. This may be explained by the moderating effect of water, which varies less in the hollows than within the hummocks. However, in other cases, no clear physical reason for the large variability could be found. Whatever the cause of the variations, they placed constraints on the ability to undertake process type experiments and the determination of "representative" fluxes. The variations observed were so large that it proved almost impossible to examine the dependence of the emission of N20 on any external parameters. To determine a representative flux, for a particular vegetative type, it was necessary to make a large number of measurements at a number of locations to integrate over the spatial variability in the N20 sources. Thus we used as many chambers and as many measurements as logistical constraints would allow.
At all but the treed sites and pools, the diffusive fluxes showed a similar seasonal variation (e.g., Figure 3 ). There was a period of low emission or even uptake in the spring, followed by a rise to a maximum late in the summer and a decrease in the fall.
The seasonal variation for the treed bogs and treed fens was markedly different, as shown in Figure 4 . This shows an early season maximum, followed by a minimum during the warmest part of the growing season, which coincided with the maximum emission fluxes observed at other vegetative areas. There probably was significant uptake occurring at these treed sites during the growing season. The seasonal variation for the pools will be discussed in a later section.
To examine the diurnal variation, the flux was measured as a function of time on two vegetative classes at the Kinosheo Lake tower site. Chambers were placed on collars that were fixed in the ground, so exactly the same area of bog was studied. Figures  5a and 5b show the results for one of these two vegetation types on July 21 and August 12. There was no consistent diurnal pattern in the emission flux and no correlation with soil temperature similar to Blackmer et al. [1982] , who suggest that the diurnal relation changes with changing water content. The soil temperature dependence on the emission rate of N20 was examined, but with the exception of emissions from within lichen sites there appeared to be no correlation. At the lichen hummocks and hollows at the Kinosheo Lake Leduc site, N20 fluxes exhibited a dependence on the 5-cm soil temperature. Figure 6 shows the N20 fluxes increasing with soil temperature up to 25øC, above which a decrease in the flux was observed. This could be due to the temperature being too high for the microbes to function, or that at higher temperatures the balance between consumption and production may shift to lower the net output. This weak temperature dependence was likely masked, at other vegetative sites, by the larger spatial variability observed.
Surface vegetation has also been implicated in the transport of trace gases from soil systems [Rosswall et al., 1989] . The majority of the surface of the bogs and fens were covered with mosses and lichens, which are nonvascular, and would not be expected to act as a conduit of gas transport. However, when the fluxes from these areas were compared to those from areas containing a significant number of vascular plants, no significant differences were found.
Therefore no conclusions on the importance of vascular plants, in the transport of N20, could be made.
The determination of an annual flux, even for a single vegetative site, is complicated by the effect of the episodic emissions. In many cases, these fluxes were 10 times higher than the diffusion-based means, and so contributed significantly to the total emission, even though they were only found in just over 2 % of the chamber measurements. Since the flux at each vegetative site was only measured between 16 and 53 times, it is possible that the episodic emissions within a particular site may have been undersampled. For this reason we have calculated an annual flux in two ways. First, within each vegetation site, the average flux for a measurement day was calculated. These were then integrated over the 130-day thaw season to determine the annual emission rate of N20 from those sites. These results are listed in column 4 of Table 2 . Second, the same process was undertaken but with all the episodic emissions removed. This resulted in a diffusive emission only component, which is summarized in column 5 of Table 2 after the 14-day peak period, it was assumed that this frequency of episodic fluxes continued for a total of 30 days(t). Table 3 [Ryden, 1981] and in temperate forests [Bowden et al., 1991] , uptake of N20 has been shown to occur. In a particularly nitrogen deficient region, processes capable of utilizing atmospheric N20 become viable, resulting in the uptake of N20 [Rosswall et al., 1989 ]. In the HBL there is clear evidence for both production and consumption of N20, and while the episodic emissions result in net emission of N20, there are times and locations where N20 uptake is occurring.
Ecosystem level variations in the emissions of N20. In order to scale up the annual emission fluxes determined from the chamber measurements to the ecosystems distinguishable by the Landsat TM remote sensing, the fluxes from the various vegetation types were combined into the ecosystem types given in Table la There were significant differences in the emission fluxes from similar ecosystems at different sites. For example, in the open fens, the emission fluxes were almost a factor of 10 higher at the interior fen than at the coastal fen. This large variation was also seen between the pool ecosystems at these two sites. These differences between ecosystem types, that were indistinguishable by remote sensing, could be larger than the differences between emissions from ecosystems which were clearly distinct to remote sensing. This indicates that extreme care must be used in using ecosystem classifications to scale up the emission rates of N20 from the chamber level to a large scale, as would be seen by remote sensing.
Once the emission rates of N20 had been determinedat the ecosystem level, they required furflier modification in order to scale up to the transect level resolution of the Landsat TM remote sensing. While the resolution of the Landsat TM was sufficient to identify the differences between a bog and a bog with a significant portion of its surface covered with pools, it did not have the resolution to determine the percentage of surface water for each of the wetland types. Color air photography determined that the percentage of water in the bog with pool areas and the fen with pool areas was 40%. Similarly, black holes were found to cover roughly As with the soil measurements, these occurred predominantly during the late summer or the spring thaw in only 2% of the chamber measurements and were likely due to the emission of bubbles. Table 2 contains the calculated annual emission rates using the chamber method, at all three sites. Of the six ponds measured only two showed these high episodic emissions occurring. In the two pools in which they were observed, the calculated annual emission rate for N20 more than In examining the results from the gas exchange and chamber methods, it was clear that because the episodic emissions account for a significant proportion of the total emissions, the most reliable method was the chamber method which captured these episodic emissions. We have therefore used only the chamber data in the determination of the total integrated emissions within the HBL. However, due to the faster time resolution the results from the gas exchange techniques were used for the examination of the variability of emission rates of N20 from water.
Variability of N20 Emissions From Water
Gas exchange measurements showed the flux of nitrous oxide was dependent on the position on the lake from which the sample was taken. from the edges of pools compared to those from the center could indicate a possible time lag in the production rates due to uneven heating of the bottom of the pools, or may be due to the difference in oxidative capacities of these two areas, thereby shifting the production/consumption balance. Measurements taken on two different days, days 186 and 194, were used to examine diurnal variations of the fluxes from pools 1 and 7 at the Kinosheo Lake site. Just as the emission rate for N20 from land showed no consistent diurnal emission pattern, neither does it from water (Figures 10a and 10b) . However, unlike the land-based results, no distinct seasonal variation in the emission rates of nitrous oxide from these pools was found (Figures 7, 8a, 8b,and 8c) .
As with the land, pools also showed uptake of N20. This was particularly important in the bog, where the pool uptake was substantial.
A comparison of the emission fluxes from different sites indicated that the interior fen had the highest emissions from pools, which was consistent with the land-based data. However, the emissions from the coastal fen were about 2 orders of magnitude lower. Table 6 . These are again split into diffusive transport and those that include both a diffusive and an episodic transport mechanism.
The total annual emissions of N20 from the six different ecosystems and the total HBL estimate are shown in Figure 13 . The largest fluxes were from the open fen and open bog both in the presence and in the absence of the episodic emissions. The flux from the treed bog ecosystem, when the episodic events were not included, were clearly negative, while inclusion of these events resulted in the exchange rate of N20 being very close to zero. The magnitude of this uptake of N20, in the absence of the episodic emissions, was equal to half of the total emissions from all other sites combined, which resulted in a very low total emission value for the HBL based on diffusive transport alone. Since all measurements were taken in a wetland region that divides the low subarctic region from the midboreal region and since the majority of the subarctic region was considerably north of the study location, there was concern that using the fluxes measured here, the total emissions from the Arctic regions may be overestimated.
The relative contributions of the four distinguishable regions, low subarctic, high subarctic, midboreal, and high boreal regions, to the HBL emissions were determined so that should a better estimate from these regions become available, the emissions from the Hudson Bay lowland could be readily updated. Figure 14 contains The differences in the emissions between similar ecosystems at separate sites could be larger than those differences between separate ecosystems within a site. In the open fens the emission rates from the interior fen were almost a factor of 10 higher than those from the coastal fen. These two sites were indistinguishable by remote sensing, and therefore any extrapolation of ground-based data, using remote sensing, must be interpreted with care. The emissions from the Hudson Bay lowland were of the order of 1.2 Gg/yr. Of this, approximately 80% were the result of an episodic type transport mechanism which was likely ebullition. This indicates that since 80% of the total exchange was due to an episodic type process, which was seen in less than 5 % of the total samples, it was very important to have a large sample size in order to obtain a representative sampling of the emissions of this sort. In addition, of the order of 30% of the different vegetation types exhibited uptake of nitrous oxide, while all vegetative sites exhibited uptake for part of the growing season. In particular, the treed bog regions exhibited significant uptake, which could indicate that another possible sink for nitrous oxide is treed wetland areas.
